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Metabolic Bypass of the Tricarboxylic Acid Cycle during
Lipid Mobilization in Germinating Oilseeds1
Regulation of NAD1-Dependent Isocitrate Dehydrogenase Versus Fumarase
Kimberly L. Falk2, Robert H. Behal, Chengbin Xiang, and David J. Oliver*
Department of Microbiology, Molecular Biology and Biochemistry, University of Idaho, Moscow, Idaho 83844
(K.L.F.); and Department of Botany, Iowa State University, Ames, Iowa 50010 (R.H.B., C.X., D.J.O.)
Biosynthesis of sucrose from triacylglycerol requires the bypass
of the CO2-evolving reactions of the tricarboxylic acid (TCA) cycle.
The regulation of the TCA cycle bypass during lipid mobilization
was examined. Lipid mobilization in Brassica napus was initiated
shortly after imbibition of the seed and proceeded until 2 d postim-
bibition, as measured by in vivo [1-14C]acetate feeding to whole
seedlings. The activity of NAD1-isocitrate dehydrogenase (a decar-
boxylative enzyme) was not detected until 2 d postimbibition.
RNA-blot analysis of B. napus seedlings demonstrated that the
mRNA for NAD1-isocitrate dehydrogenase was present in dry seeds
and that its level increased through the 4 d of the experiment. This
suggested that NAD1-isocitrate dehydrogenase activity was regu-
lated by posttranscriptional mechanisms during early seedling de-
velopment but was controlled by mRNA level after the 2nd or 3rd
d. The activity of fumarase (a component of the nonbypassed sec-
tion of the TCA cycle) was low but detectable in B. napus seedlings
at 12 h postimbibition, coincident with germination, and increased
for the next 4 d. RNA-blot analysis suggested that fumarase activity
was regulated primarily by the level of its mRNA during germination
and early seedling development. It is concluded that posttranscrip-
tional regulation of NAD1-isocitrate dehydrogenase activity is one
mechanism of restricting carbon flux through the decarboxylative
section of the TCA cycle during lipid mobilization in germinating
oilseeds.
Upon germination of oilseeds, storage triacylglycerols
are mobilized by conversion to carbohydrates for transport
to the root and shoot axes of the developing seedling. Suc,
the major carbohydrate transport form, is used as a sub-
strate for biosynthesis and is respired for energy. Lipid
mobilization in postgerminative oilseeds requires the met-
abolic coordination of four subcellular compartments: the
oil body, the glyoxysome, the mitochondrion, and the cy-
tosol (Trelease and Doman, 1984). The elucidation of this
complex interaction was dependent on the discovery of the
glyoxylate cycle (Kornberg and Krebs, 1957). Fatty acids
are cleaved by lipases from their glycerol backbone in the
oil body and, after being transported to the glyoxysome,
are degraded by b-oxidation to acetyl-CoA. The glyoxylate
cycle ultimately catalyzes the condensation of two of these
acetyl-CoA molecules to form succinate, which is then
transported to the mitochondrion and metabolized by a
partial TCA cycle. Since the complete TCA cycle catalyzes
two decarboxylative reactions, the quantitative conversion
of lipid to Suc can occur only if certain TCA cycle reactions
are bypassed. During gluconeogenesis, only the TCA cycle
activities of succinate dehydrogenase, fumarase, and
malate dehydrogenase are required. The activities of the
TCA cycle decarboxylative enzymes NAD1-IDH and
a-ketoglutarate dehydrogenase are avoided.
Flux through the TCA cycle in plant tissues can vary,
depending on the metabolic requirements of the tissue. For
example, a reduction in the activity of the TCA cycle in the
light compared with its activity in the dark has been doc-
umented (Gemel and Randall, 1992; Hanning and Heldt,
1993). The TCA cycle is regulated by the redox state of the
pyridine nucleotide pool (Oliver and McIntosh, 1995).
NADH competitively inhibits the activities of NAD1-IDH,
a-ketoglutarate dehydrogenase, and pyruvate dehydroge-
nase (although technically not a component of the TCA
cycle, the pyruvate dehydrogenase complex is the entry
point of glycolytically derived pyruvate into the TCA cy-
cle). Furthermore, NAD1-IDH is noncompetitively inhib-
ited by NADPH (McIntosh and Oliver, 1992). The regula-
tion of the TCA cycle in plants differs from its regulation in
animals in that none of the plant enzymes appears to be
controlled by ratios of adenine nucleotides, e.g. the ratio of
ATP/ADP or of acetyl-CoA/CoA (Voet and Voet, 1990;
Oliver and McIntosh, 1995).
The proposed TCA cycle bypass was first demonstrated
by in vivo labeling studies in castor bean endosperm (Can-
vin and Beevers, 1961). Radiolabeled acetate was shown to
be converted into carbohydrate with an experimental effi-
ciency of 70% for the methyl carbon of acetate and 30% for
the carboxyl carbon of acetate. The efficiency of conversion
was lower for the carboxyl carbon because it is this carbon
that is lost from succinate at the reaction of PEP carboxyki-
nase, the only decarboxylative step of gluconeogenesis. In
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later work, germinating castor bean mitochondria were
shown to rapidly oxidize succinate and malate plus gluta-
mate, whereas the TCA cycle intermediates in the decar-
boxylative portion of the TCA cycle (isocitrate through
succinate) were only slowly oxidized (Millhouse et al.,
1983). A more recent report addressed the regulation of this
bypass at the enzymatic level in cucumber (Cucumis sati-
vus) seedlings (Hill et al., 1992). In this study several phys-
iological and enzymological measurements of postgermi-
native cucumber seedlings were conducted and it was
concluded that fumarase and NAD1-IDH activities are
regulated differently. Their data are consistent with a re-
duction in carbon flux through the decarboxylative reac-
tions of the TCA cycle during lipid mobilization in cucum-
ber cotyledons. Furthermore, the authors compared
fumarase and NAD1-IDH activities in both the light and
the dark in postgerminative seedlings and determined that,
whereas fumarase activity was unaffected, NAD1-IDH ac-
tivity was significantly reduced in the dark. These data
suggest that new carbon fixation by photosynthesis is re-
quired for full TCA cycle activity. Recently, it was sug-
gested that the TCA cycle may be limited postgermina-
tively by transcriptional control of mitochondrial pyruvate
dehydrogenase (Grof et al., 1995).
We are interested in the developmental regulation of
mitochondrial function. Understanding the switch in the
role of the mitochondrion in lipid mobilization to its oxi-
dative function during photosynthesis will further our
knowledge of mitochondrial biogenesis and mitochondrial
development. To this end, we have re-examined and ex-
tended the observations of earlier workers (Canvin and
Beevers, 1961; Millhouse et al., 1983; Hill et al., 1992, 1994)
using a biochemical and molecular approach with Brassica
napus, Arabidopsis, and cucumber. We show that during
the period of maximum gluconeogenesis the presence of
NAD1-IDH was not detectable, either catalytically or im-
munologically, whereas fumarase activity was easily ac-
counted for. We will present evidence that the posttran-
scriptional regulation of NAD1-IDH prevents its activity
during gluconeogenesis in germinating B. napus.
MATERIALS AND METHODS
Plant Material and Chemicals
For germination and early seedling development studies,
Brassica napus var Humus and cucumber (Cucumis sativus)
seeds were allowed to imbibe for 8 to 12 h with aeration
before being planted in fine vermiculite. For light-grown
tissue, plants were placed in a 22°C room under a 16-h light
regime. For analysis of mature leaf tissues, B. napus, cu-
cumber, pea (Pisum sativum), or Arabidopsis seeds were
planted on 1 part soilless mixture:1 part vermiculite and
placed in a greenhouse where light duration was 16 h/d
and temperature was maintained at 22°C. Cauliflower
(Brassica oleracea) for immunoblot analysis was obtained
from a local grocery store. All chemicals were purchased
from Sigma unless otherwise noted. [1-14C]acetate was
purchased from NEN.
In Vivo Labeling
Each 10-mL flask contained 0.2 g of cotyledons (after
seed coats were removed) or whole seedlings in 1 mL of 10
mm Mes, pH 5.2, and 0.5 mmol of sodium [1-14C]acetate (1
Ci/mol). Evolved 14CO2 was collected on a paper wick wet
with 20 mL of 5 m KOH. After 30 min of incubation at 30°C
in the light, the wick was removed and the reaction was
stopped by boiling the tissue in 70% ethanol. After cooling
on ice, the tissue was homogenized with a Ten-Broeck
homogenizer (Thomas Scientific) and applied to a Dowex-1
formate column (pre-equilibrated in 1 m sodium formate
and then washed in water) and then to a Dowex-50 column
(pre-equilibrated in 0.1 m HCl and washed in water). The
nonpolar eluent containing total carbohydrates was sub-
jected to liquid-scintillation counting. To control for the
efficiency of carbohydrate extraction, one sample of each
time was spiked with 0.1 mCi of [U-14C]Glc (1.2 Ci/mol)
after the tissue was cooled.
Lipid Extraction
Tissue was ground in liquid N2 to a fine powder and
extracted with CHCl3:methanol (v/v, 2:1) at a ratio of 0.5 g
tissue to 10 mL of solvent. After 2 h of extraction, particu-
late matter was removed by filtration. The filtrate was
back-extracted with 2.5 mL of 1% NaCl and the organic
phase was delivered to a tared vial and dried under an N2
stream at room temperature to a constant weight.
Isolation of Mitochondria
Mitochondria were prepared from B. napus developmen-
tally staged seedlings, Arabidopsis mature leaves, etiolated
pea seedlings, and green cucumber seedlings by a modifi-
cation of the method of Hill et al. (1992). Chilled tissue was
homogenized in 3 volumes of the following buffer: 0.3 m
sorbitol, 10 mm KH2PO4, 2 mm EDTA, 2 mm MgCl2, 2 mm
Gly, 1% PVP-40, 1% defatted BSA, 30 mm ascorbate, 25 mm
sodium PPi, 14 mm b-mercaptoethanol, 1% polyvinylpoly-
pyrrolidone, 1 mm benzamidine, and 0.1 mm PMSF, pH 7.6.
This homogenate was filtered and mitochondria were col-
lected by differential centrifugation, washed, and purified
on a Percoll gradient. The mitochondria were washed
in BSA-free medium, and the final pellet was suspend-
ed in a minimal volume of 20 mm Mops and 5 mm
b-mercaptoethanol, pH 7.5, and frozen. The mitochondria
were subjected to two freeze-thaw cycles and centrifuged
at 12,000g for 15 min, and the supernatant was collected for
enzyme assays, protein assays, and immunoblot analysis.
Enzyme and Protein Assays
NAD1-IDH activity was assayed as previously described
(McIntosh and Oliver, 1992). The isocitrate- and enzyme-
dependent reduction of NAD1 was monitored by the
increase in A340 of a 1-mL reaction. The reaction consist-
ed of 20 mm Mops (pH 7.5), 5 mm MgSO4, 5 mm
b-mercaptoethanol, 1 mm NAD1, and 10 mm isocitrate.
Fumarase activity was assayed by following the increase in
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A240 of a 1-mL reaction containing 20 mm Mops (pH 7.5)
and 10 mm malate (Behal and Oliver, 1997). Protein con-
centration was determined by the Bio-Rad Bradford pro-
tein assay reagent using ovalbumin as a standard.
cDNA Clones Used
Three cDNA clones were used in this study: idhI (acces-
sion no. U81993, Behal and Oliver, 1998), idhII (accession
no. U81994, Behal and Oliver, 1998), and fum (accession no.
U82201, Behal and Oliver, 1997).
Antibody Preparation
To obtain Arabidopsis IDH I protein for antibody prep-
aration, IDH I was overexpressed in Escherichia coli. The
cDNA for the mature IDH I protein was amplified by PCR
using appropriate primers and cloned into the expression
vector pET-24c (Novagen, Inc., Madison, WI). The con-
struct was checked by sequencing to confirm that idhI had
been cloned as a translational fusion with an N-terminal
T7-tag. pET-IDH I was transformed into competent
BL21(DE3) E. coli cells. SDS-PAGE-purified protein from
isopropylthio-b-galactoside-induced cells was submitted
to HTI Bio-Products, Inc. (Ramona, CA) for antibody pro-
duction in rabbits. Resulting antiserum was enriched for
IDH-specific IgGs by purification on a column matrix of
immobilized IDH I following the manufacturer’s instruc-
tions (AminoLink, Pierce). Purified anti-IDH was used at a
dilution of 1:20 for all B. napus immunoblots but detected
the recombinant protein and the native Arabidopsis pro-
tein at a higher dilution (1:2000). Antibodies against fuma-
rase (Behal and Oliver, 1997) and IDH II (Behal and Oliver,
1998) were produced from cDNA clones by similar proto-
cols.
Immunoblot Analysis
SDS-PAGE on 12.5% acrylamide gels was performed as
described by Laemmli (1970). Proteins were transferred to
a nitrocellulose membrane in modified Towbin buffer (25
mm Tris, 192 mm Gly, and 10% methanol, pH 8.3) (Towbin
et al., 1979). Secondary antibody was goat anti-rabbit alka-
line phosphatase conjugate using 5-bromo-4-chloro-3-
indolyl phosphate and nitroblue tetrazolium as the colori-
genic substrates.
RNA Analysis
Total RNA was extracted from developmentally staged
B. napus and cucumber seedlings as previously described
for Aspergillus nidulans (Timberlake, 1986) with one modi-
fication: dry seed and d 1 and 2 postimbibition RNA was
differentially precipitated with 2-butoxyethanol to remove
interfering polysaccharides, as described by Schultz et al.
(1994). RNA was electrophoresed in formaldehyde gels
and blotted to nylon as summarized by Sambrook et al.
(1989). Loading was standardized with rRNA. Polysomes
were extracted from 1-d-old postimbibition B. napus seed-
lings, according to the method of DeVries et al. (1988),
except that 250 mm b-mercaptoethanol was added to the
extraction buffer. RNA was extracted from polysomes by
phenol-chloroform extraction (Timberlake, 1986).
RESULTS
Time Course of Lipid Mobilization during B. napus
Seedling Development
The relationship between gluconeogenesis and lipid mo-
bilization in developing B. napus seedlings is demonstrated
in Figure 1. Carbohydrate synthesis from fatty acids was
measured as the ratio of 14CO2 released to [
14C]carbohy-
drate synthesized when seedlings were fed [1-14C]acetate
(Fig. 1, right y axis). When plant tissue is utilizing lipid as
a carbon and energy source, the ratio of released 14CO2 to
synthesized [14C]carbohydrate will be lower than when
photosynthate is the sole carbon and energy source (Can-
vin and Beevers, 1961). Figure 1 shows that the ratio of
[1-14C]acetate incorporation into 14CO2 to [
14C]carbohy-
drate was 1.08 6 0.09 for light-grown and 1.48 6 0.16 for
dark-grown B. napus seedlings at 12 h postimbibition. The
difference between light- and dark-grown seedlings was
significant by a Student’s t test. By comparison, Canvin and
Beevers (1961) measured a 14CO2 to
14C-carbohydrate ratio
of 1:1 in 5-d-old castor bean endosperm when it was la-
beled with [1-14C]acetate. Although the metabolism of en-
Figure 1. Lipid data on the left y axis represent total lipid of seedlings
calculated as the means 6 SD of three replicate measurements per
data point. E, Lipid content in light-grown seedlings; F, lipid content
in dark-grown seedlings. In vivo labeling data (the ratio of 14CO2
released from [1-14C]acetate to 14C incorporated into the neutral
fraction containing soluble sugars) on the right y axis represent the
means 6 SD for three replicates per data point. Analysis of in vivo
labeling results by a Student’s t test showed that data for d 0.5 and 3
were significantly different between dark and light at P , 0.05. Days
1, 2, 4, and 5 were not significantly different between light and dark
at P , 0.05. h, Labeling ratio for light-grown seedlings; n, labeling
ratio for dark-grown seedlings.
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dospermic seeds and nonendospermic (cotyledonary)
seeds cannot be directly compared, our measurement indi-
cates that the fate of [1-14C]acetate is primarily gluconeo-
genic in B. napus seedlings at 12 h postimbibition.
Under the growth conditions in our laboratory, germi-
nation occurred at 12 h postimbibition. The ratio of 14CO2
to 14C-carbohydrate increased after germination, indicating
an increase in CO2 evolution by the TCA cycle, until 2 d
postimbibition, reaching a typical value of about 4:1 for
both light- and dark-grown seedlings. At 2 d postimbibi-
tion, the ratio of CO2 evolved to carbohydrate synthesized
was relatively constant in both light- and dark-grown seed-
lings, with the exception of a peak of respiration in the 3-d
postimbibition light-grown seedlings. We have no physio-
logical explanation for this unexpectedly high ratio, al-
though it was observed in all three replications of this
experiment. At 3 d postimbibition the cotyledons were
beginning to turn green and by 4 d postimbibition were
fully photosynthetic. Thus, at 12 h postimbibition acetate
appeared to be exclusively metabolized to carbohydrates.
From 12 h to 2 or 3 d postimbibition acetate was increas-
ingly metabolized by respiration, presumably by the TCA
cycle.
When total seedling lipid was extracted from light- and
dark-grown seedlings (Fig. 1, left y axis), it was apparent
that the lipid content declined from 12 h postimbibition
until 3 d postimbibition. From 3 to 5 d postimbibition lipid
content was relatively constant, reflecting a constant level
of membrane lipids and chlorophyll in young seedlings.
Therefore, lipid mobilization appeared to be complete by
3 d postimbibition in B. napus cotyledons grown under our
laboratory conditions. In contrast, 10 d were required to
complete lipid mobilization in castor bean endosperm
(Carpenter and Beevers, 1958). Various plants were used in
this study. B. napus was utilized for in vivo labeling exper-
iments, enzyme assays, immunoblots, and RNA blots. Ara-
bidopsis has a smaller and more completely described
genome than B. napus and, therefore, was used to clone the
genes for NAD1-IDH and fumarase. The enzyme assays,
immunoblots, and northern blots of cucumber were neces-
sary to compare our results with the previous data from
this plant (Hill et al., 1992).
Activities of NAD1-IDH and Fumarase during Seedling
Development in B. napus and Cucumber
As shown in Figure 1, gluconeogenesis extended from
12 h to 2 or 3 d postimbibition in developing B. napus
seedlings. After this period, the in vivo labeling data sug-
gested that the full TCA cycle was operational in these
seedlings. The activities of fumarase and NAD1-IDH dur-
ing this developmental period in B. napus and cucumber
seedlings are shown in Figure 2. Enzyme activities are
reported as total activity per seedling (Fig. 2). Because of
the possibility that the efficiency of mitochondrial isolation
changed during seedling growth, the data for fumarase
and IDH were also reported on the basis of specific activity
per milligram of mitochondrial protein (Fig. 2, A and B,
insets) for B. napus. At all times measured, fumarase total
and specific activity were 40- to 100-fold greater than the
NAD1-IDH activity in both B. napus and cucumber (Fig. 2,
note the difference in activity maxima on the y axes).
Fumarase activity in B. napus (Fig. 2A) was low but detect-
able in seedlings at 12 h postimbibition and then increased
rapidly in the light until reaching its maximum total activ-
ity at 4 d postimbibition. In the dark-grown seedlings,
fumarase followed the same activity profile as in the light
but its activity was reduced approximately 3-fold (Fig. 2A).
The specific activity of fumarase (Fig. 2A, inset) reached a
maximum at d 2 in the light-grown seedlings, 2 d earlier
than the maximum total activity. This difference reflects
the continuing expansion of the cotyledon concomitantly
with general protein synthesis from d 2 to 4 postimbibition.
Western analysis (data not presented) showed that fuma-
rase protein level and enzyme activity increased in parallel
from 12 h to 5 d postimbibition in the light and in the dark.
A similar activity profile for NAD1-IDH activity in B.
napus is shown in Figure 2B. These data differ from those
for fumarase in two ways. First, the activity of this enzyme
was much lower than that of fumarase. Second, and more
importantly, NAD1-IDH activity could not be detected by
our assay system at 12 h and 1 d postimbibition, either in
the dark or in the light. At d 2 through 5, NAD1-IDH
activity was present and the light-grown seedling had 3- to
5-fold higher activity than in the dark-grown seedling.
Furthermore, extracts from d 1 mitochondria did not alter
activity of d 7 mitochondria, showing that soluble factors
were not involved. The reduced ratio of released CO2 to
synthesized carbohydrate during the first 2 d postimbibi-
tion was due to low or no NAD1-IDH activity as compared
with fumarase activity. As with fumarase activity, IDH
activity reached a constant specific activity at approxi-
mately 2 d postimbibition (Fig. 2B, inset). However, since
the seedling was growing, the total activity of IDH
per seedling increased linearly (Fig. 2B). Thus, fumarase
and NAD1-IDH accumulation appear to be coordinately
regulated.
The development of fumarase and NAD1-IDH activities
in cucumber seedlings (Fig. 2C) mirrors their activities in B.
napus. NAD1-IDH activity was undetectable until d 2
postimbibition, whereas fumarase activity could be mea-
sured at the first time point, 12 h postimbibition. After d 2,
both activities increased with the growth of the seedling.
Like B. napus, both fumarase and NAD1-IDH activities
were reduced in the dark-grown cucumber seedlings, as
compared with those grown in the light. Our results differ
slightly from previous data with cucumber (Hill et al.,
1992). In their study the activity of NAD1-IDH activity in
the dark was much lower relative to its activity in the light
than what we observed.
Isolation of Arabidopsis NAD1-IDH and Fumarase cDNAs
and Immunoblot Analysis of NAD-IDH
To obtain molecular tools for the analysis of fumarase
and NAD1-IDH in developing seedlings, these genes were
cloned from Arabidopsis (Behal and Oliver, 1997, 1998).
idhI and idhII are 86% identical at the amino acid level and
both possess most of the important residues of the catalytic
site, as determined from the crystal structure of the
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NADP1-IDH protein from E. coli (Hurley et al., 1990). The
coding region of both of the Arabidopsis idh genes is 1100
bp in length and encodes a protein with a predicted mo-
lecular mass of 40 kD. When IDH I and IDH II were
overexpressed separately in E. coli, neither extract dis-
played NAD1-dependent IDH activity, although the native
NADP1-dependent IDH activity was easily detectable
(data not shown). Experiments to denature and refold the
recombinant NAD1-IDH to obtain enzymatic activity were
unsuccessful.
The Arabidopsis fumarase gene is 1770 bp in length,
encoding a protein with a predicted molecular mass of 52.8
kD, and is highly homologous to the gene isolated from
eukaryotes and to the fumarase C gene of bacteria (Behal
and Oliver, 1997).
To obtain antibodies for immunoblot analysis of NAD1-
IDH, idhI and idhII were overexpressed in E. coli without
their putative mitochondria-targeting sequences. The Coo-
massie blue staining of 10 mg of total protein from an
extract of induced BL21 (DE3) cells carrying the pET-IDH I
plasmid is shown in Figure 3A. The major protein band in
this extract migrated at a relative molecular mass of 47 kD
(plant NAD1-IDH migrates at 47 kD despite a molecular
mass of 40 kD based on its sequence). Antibody was pre-
pared against this protein and purified on an antigen-
linked column. The reaction of this antibody at 1:2000
dilution with 50 ng of total protein from an extract of a
pET-IDH I culture is shown in Figure 3B. The purified
anti-IDH I antibody detected one band in Arabidopsis (Fig.
3C), cauliflower (Fig. 3D), and pea (Fig. 3E) mitochondria
at 47 kD. This antibody recognized multiple bands in B.
napus at molecular masses greater than 47 kD (Figs. 3F and
4). We observed that, when antioxidant buffer additions
were altered, these bands either increased or decreased in
intensity. The mitochondrial protocol used, containing the
antioxidant and anti-phenolic compounds PVP-40, polyvi-
nylpolypyrrolidone, b-mercaptoethanol, and ascorbate,
gave the least amount of cross-reaction with nonspecific
bands. B. napus seeds have high levels of phenolics in the
seed coat and contain 48% lipid. Proteins can be cross-
linked by phenolic and lipid-based mechanisms, and lipid
peroxidation is a probable mechanism for inactivation of
Figure 2. TCA cycle enzyme activities during seedling development.
Mitochondrial extracts were prepared as described in “Materials and
Methods.” Fumarase activity was determined by the malate-
dependent increase in A240. NAD
1-IDH activity was determined by
monitoring NAD1 reduction at A340 when isocitrate was provided as
the substrate. Data represent four replicate experiments for light-
grown tissues and two replicate experiments for dark-grown tissues.
Both enzymes were assayed in the linear range of their activities. (E)
and (F), NAD1-IDH activity in light- and dark-grown seedlings,
respectively; (M) and (f) fumarase activity in light- and dark-grown
seedlings, respectively. A, Fumarase activity in developing B. napus
seedlings expressed as total activity per seedling (U [units]/seedling,
main figure) and specific activity (U/mg mitochondrial protein, inset).
B, NAD1-IDH activities in B. napus expressed as total activity per
seedling and specific activity. C, Fumarase and NAD1-IDH activities
in developing cucumber seedlings expressed as total activity per
seedling.
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mitochondrial proteins (Cohn et al., 1996). When the anti-
body was immunoprecipitated against its antigen prior to
probing the developmental immunoblot, the 47-kD band
representing NAD1-IDH was preferentially eliminated
(Fig. 4C). This further demonstrated that the 47-kD band in
the B. napus mitochondrial extracts represented NAD1-
IDH. Antibody was also made against IDH II produced
using the pMAL overexpression system. This antibody,
anti-IDH II, also recognized a protein band at 47 kD in
plant mitochondrial extracts.
Occurrence of NAD1-IDH Protein in
Developing Seedlings
As shown in Figure 2, NAD1-IDH enzyme activity could
not be detected until d 2 postimbibition in developing B.
napus seedlings. To investigate when the NAD1-IDH pro-
tein was synthesized during seedling development, anti-
IDH I and anti-IDH II were used to probe the same B. napus
mitochondrial extracts that had previously been assayed
catalytically. Under the conditions of our immunoblot, the
NAD1-IDH I protein was not detectable until 2 d postim-
bibition in the light (Fig. 4A) or in the dark (Fig. 4B), when
equivalent amounts of protein for each time were probed
with antibody. Thus, the lack of NAD1-IDH activity prior
to d 2 postimbibition can be explained by the lack of
immunodetectable protein.
The anti-IDH I antibody recognized only one of the two
potential idh gene products of Arabidopsis: it recognized
IDH I produced in E. coli but not IDH II. It is unknown how
many idh genes exist in the B. napus genome and whether
this antibody will recognize all of the gene products. When
immunoblot analysis of mitochondrial extracts of develop-
ing B. napus seedlings was performed with anti-IDH II, no
immunoreactive protein of the appropriate size could be
detected until the 3rd d postimbibition (data not shown).
Since NAD1-IDH enzyme activity was detected at d 2
postimbibition in these extracts, the discrepancy between
the results with these two antibodies could arise from a
difference in their sensitivities. Alternatively, IDH I may
form a functional homooctamer at d 2 without the contri-
bution of the IDH II protein. The molecular structure of the
IDH protein from plants is still uncertain and it is unknown
whether both proteins are essential for activity of the ho-
loenzyme (Behal and Oliver, 1998).
Postgerminative Expression of TCA Cycle Genes in
B. napus
To examine whether the lack of immunodetectable
NAD1-IDH protein until 2 d postimbibition in B. napus
was due to a lack of its mRNA, RNA-blot analysis was
undertaken. Total RNA was isolated from developmentally
staged B. napus and cucumber seedlings and probed with
the full-length idhI and fum cDNAs. Figure 5 shows the
mRNA levels of idh and fum in B. napus and cucumber,
from imbibed seeds to seeds at 4 d postimbibition when
equivalent amounts of RNA for each time were hybridized
with the indicated DNA. As shown in Figure 5A, the idh
transcript was detectable in seeds and seedlings of B. napus
allowed to imbibe in the light and in the dark. The level of
IDH mRNA was similar for imbibed seeds and at 12 h
Figure 3. Overexpression of recombinant Arabidopsis IDH I protein
in E. coli and immunoblot analysis of IDH I in several plants. A to F,
Electrophoresis on 12.5% (w/v) acrylamide SDS-PAGE followed by
transfer to nitrocellulose in modified Towbin buffer. A, Coomassie
blue stain of 10 mg of total protein of recombinant pET-IDHI E. coli
extract. B, Immunoblot analysis of 50 ng of total protein of recom-
binant pET-IDHI E. coli extract, reacted with anti-IDH at 1:2000
dilution. C to F, Immunoblot analysis of plant mitochondrial extracts
with anti-IDH at 1:20 dilution. C, Arabidopsis leaf, 20 mg; D, cauli-
flower, 20 mg; E, pea leaf, 100 mg; and F, B. napus seedling, 3 d
postimbibition, 40 mg.
Figure 4. Immunoblot analysis of NAD1-IDH in B. napus mitochon-
drial extracts during seedling development. A to C, Forty micrograms
of total protein from developmentally staged mitochondrial extracts
were loaded per lane and electrophoresed on 12.5% (w/v) acryl-
amide SDS-PAGE. Transfer and immunoblot development were as
described in Figure 3 and “Materials and Methods.” A, Light-grown
tissues. B, Dark-grown tissues. C, Light-grown tissue, probed with
anti-IDH I that had been precipitated with recombinant Arabidopsis
IDH I prior to incubation with the blot for the purpose of removing
IDH-specific antibodies. Arrows indicate IDH band. DPI, Days
postimbibition.
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postimbibition. It increased until at least d 3 postimbibi-
tion. The transcript level of this gene was reduced in the
dark compared with the transcript level in the light in a
manner that coincided with the enzyme activity profile for
NAD1-IDH. Fumarase mRNA, on the other hand, was not
detected until d 1 postimbibition (Fig. 5B). Fumarase enzy-
matic activity was also detected at this time and it appears
that the regulation of this gene occurs primarily at the level
of mRNA availability.
RNA-blot analysis in developing cucumber seedlings is
shown in Figure 5D (idh) and Figure 5E (fum). In this plant,
idh and fum mRNA levels are relatively constant through-
out development, although there was some increase in the
level of both genes at 2 d postimbibition. Since fumarase
activity was low and NAD1-IDH activity was not detect-
able prior to d 2 postimbibition, this blot suggests that in
cucumber, both idh and fum mRNAs experience some post-
transcriptional control.
Since the idh mRNA was detectable in seeds prior to 2 d
postimbibition in B. napus, a period when its enzyme ac-
tivity and protein were not detected, this suggested that
there was some posttranscriptional control of idh during
the gluconeogenic period of B. napus seedling develop-
ment. However, it is possible that, since we probed this
RNA blot with the full-length clone, we were detecting the
mRNA for only one subunit of a heteromeric protein. Res-
olution of this question in B. napus or cucumber must await
cloning of the NAD1-IDH genes from these organisms.
Translational Analysis of idh in B. napus Seedlings
Since the idh mRNA was detectable at 1 d postimbibition
in B. napus seedlings, whereas both protein and enzyme
activity were not detected until d 2, we were interested in
determining whether this transcript was actually being
translated. We performed a polyribosomal analysis of the
idh mRNA in 1-d postimbibition seedlings. At d 1 postim-
bibition, the B. napus seed was undergoing gluconeogene-
sis. At this developmental stage, NAD1-IDH activity and
the NAD1-IDH protein were not detected, although the
mRNA was present. Two possibilities arise: (a) transla-
tional control was preventing the message from being
translated, (b) or the message was translated and the pro-
tein was rapidly degraded or modified in some way ren-
dering it inactive and undetectable by immunoblot. An
RNA-blot analysis of idh in the polysomal fractions is
shown in Figure 6, and the spectrophotometer trace of the
polysome fractionation on a Suc gradient is shown in Fig-
ure 6C. This figure demonstrates that the idh message was
associated with polyribosomes at 1 d postimbibition. This
is strong evidence that the NAD1-IDH protein was being
made and that regulation of NAD1-IDH during gluconeo-
genesis was posttranslational.
In light of this finding, we tested two possibilities for the
posttranslational modification of NAD1-IDH that could
alter both its activity and immunodetectability. Phosphor-
ylation at the active site is a well-documented mechanism
of regulating IDH activity in E. coli during growth on
acetate. Incubation of phosphorylated E. coli NADP1-IDH
Figure 5. RNA-blot analysis of TCA cycle genes in B. napus and
cucumber during seedling development in light- and dark-grown
tissues. A to E, Ten micrograms of total B. napus RNA (A–C) or
cucumber RNA (D and E) loaded per lane electrophoresed on a 1.2%
(w/v) agarose gel containing 3% (v/v) formaldehyde and blotted onto
a nylon membrane. Membranes were hybridized with the 32P-
labeled DNA indicated and autoradiographed. A and D, Hybridized
with Arabidopsis idh cDNA. B and E, Hybridized with Arabidopsis
fum cDNA. C, Ethidium bromide stain of duplicate gel showing
similar loading. DPI, Days postimbibition.
Figure 6. Polysomal RNA-blot analysis of idh in 1-d postimbibition
B. napus seedlings. Polysomes extracted and subjected to Suc-
density gradient centrifugation. Resulting gradients were fractionated
and A254 was monitored. A and B, Ten micrograms of total RNA,
obtained after protein extraction by phenol-chloroform, was loaded
per lane and electrophoresed on 1.2% (w/v) agarose gel containing
3% formaldehyde. A, Blot probed with Arabidopsis idh cDNA.
B, Ethidium bromide-stained gel of A. C, Spectrophotometer trace of
polysomal fractionation. Lanes in A and B correspond to fractions in C.
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with a cellular extract containing IDH phosphatase results
in dephosphorylation and renewal of activity (LaPorte et
al., 1985). When mitochondrial extracts from 1- and 7-d
postimbibition B. napus seedlings were incubated with
shrimp alkaline phosphatase (1 unit in 1 mL of 20 mm Tris,
10 MgCl2, pH 8.0, for 15 min at room temperature), no
change in IDH activity or immunoreactivity was observed
(data not shown). Also, as previously mentioned, we de-
termined that there were no soluble inhibitory factors
present in d-1 mitochondria that affected activity in d-7
mitochondria.
DISCUSSION
The development of the TCA cycle during oilseed ger-
mination and seedling development was examined. In B.
napus seedlings triacylglycerol metabolism started at imbi-
bition and proceeded until about 3 d postimbibition; after
this time the carbon and energy source for seedling growth
switched to mainly photosynthetic reactions. Based on the
in vivo labeling results, during the period of lipid degra-
dation, metabolism began as gluconeogenic and then
switched to being respiratory. This transition was accom-
panied by a rapid increase in the TCA cycle activities,
including fumarase and NAD1-IDH (Fig. 2). Whereas glu-
coneogenesis predominated, the decarboxylative reactions
of the TCA cycle were bypassed to provide quantitative
conversion of lipid to Suc in the cotyledons of the devel-
oping seedling. The activity of fumarase, an essential TCA
cycle for carbohydrate synthesis from lipid, was detected in
B. napus seeds 12 h after imbibition. The activity of NAD1-
IDH, a decarboxylative dehydrogenase in the section of the
TCA cycle thought to be bypassed during carbohydrate
synthesis, was not detected until 2 d postimbibition. Thus,
during gluconeogenesis the decarboxylative reactions were
bypassed by delaying the expression of NAD1-IDH (and
possibly other enzymes).
Our evidence supports both transcriptional and post-
translational mechanisms of regulation for NAD1-IDH.
The idh mRNA was detectable in dry B. napus seedlings,
and the mRNA level of this gene increased dramatically 2 d
postimbibition (Fig. 5). Despite the presence of the message
in the dry seed, the protein was not detectable on immu-
noblots until 2 d postimbibition (Fig. 4) and the enzymatic
activity was not detectable either (Fig. 2B). The message
was competent for translation, as demonstrated by polyso-
mal analysis (Fig. 6). Thus, at d 1 the NAD1-IDH message
was present and possibly translated, but protein did not
accumulate.
After d 2 there was a large increase in both mRNA level
and NAD1-IDH activity, suggesting that at these later
times enzyme levels were controlled by mRNA levels. In
cucumber it appears that both fumarase and NAD1-IDH
activities were regulated mainly by posttranscriptional
events. Whereas the activities of these two enzymes in-
creased steadily during seedling development, the mRNA
levels of both genes were relatively constant. Thus, in
cucumber, protein expression was controlled at the post-
transcriptional level.
Control of the bypass of the TCA cycle by regulation of
other respiratory enzymes has been described. Grof et al.
(1995) studied the development of the E1a-subunit of pyru-
vate dehydrogenase during cucumber seedling develop-
ment. It has been shown that this subunit undergoes light-
dependent inactivation by phosphorylation to potentially
limit the activity of the TCA cycle during photorespiration
(Gemel and Randall, 1992). During germination and early
seedling development of cucumber, the steady-state level
of the E1a mRNA was maximal 2 d postimbibition. The
E1a protein was most active and most abundant at d 4 and
5 postimbibition. The timing of maximal PDC activity cor-
responded to photosynthetic development. The authors
postulated that the delay in PDC activity during seedling
development could prevent carbon flow through the full
TCA cycle, until the seedling is photosynthetically compe-
tent and not dependent on stored cotyledonary reserves.
In conclusion, our data strongly support an interplay of
transcriptional and posttranscriptional regulatory mecha-
nisms in the control of NAD1-IDH during lipid mobiliza-
tion in developing B. napus and cucumber seedlings. Fur-
ther work will be necessary to address the molecular basis
of these control mechanisms.
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